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Neutrino Oscillations
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What do we know (PDG ‘22)7?
° 0,,=47.2°+1.3°

- 0,3=85°+0.1°
 0,,=33.6°1£0.8°

- |Am2,,| = (2.536 + 0.03) x 103 eV2c

* Am?,; = (7.53 £ 0.18) x 10 eV?c*
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What don’t we know?

Is 8,5 == 45° (octant)?
Is Am?,, > 0 (mass ordering)?

Do neutrinos violate CP-
symmetry?

New physics?
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Long-baseline neutrino experiments

- Leading order oscillation
probabilities for v, survival

and v, appearance

P(v, - v,)=1-sin’26,, sinz(

Am?,L
4FE

sin%(20,,)

Am?> L
P(Vﬂ V)= sin” 20, sin’ 0, Sinz( 42 J

* Need to sample spectrum at
different values of L/E

0.5

* Build two detectors
 One close to neutrino source

« QOther at maximal oscillation

oscillation maximum

L/E

M. Scott
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Electron (anti)neutrino appearance
NOvVA: L=810 km, E=2.0 GeV
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Tokal to Kamioka Experiment — T2K
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Near detectors

UA1 Magnet Yoke

Downstream

INGRID

«  Measure direction
of neutrino beam

* Ensure stable
beam operation
(intensity, shape,
direction)

*  Tune neutrino flux
prediction

(nd- l ECAL ND280

M/

Solenoid Coil °

Barrel ECAL

Measure neutrino flux and cross
section before oscillation

UA1 magnet allows separation of
neutrino and antineutrinos

Oscillation analysis focuses on
muon (anti-)neutrino samples

M. Scott
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Super-Kamiokande
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40,000 tons of ultra pure water
11,000 photo-multiplier tubes (PMTs)
1km overburden

Separate electrons and muons by
ring shape

— Mis-ID <1%
— No sign selection

Super-Kamiokande [V
Run 299999
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Off-axis beams T 05 in'20,=10
= sin*20, = 0.1 -
g Am3, =24x107eV? -
«  Two-body pion decay 0.1 S R R ]
3 - —NH,§_,=0  —-IH3§,=0 7
— Angle and energy of Tk — NH, 8, =m2  —-IH. 3 ,=n2 -
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Flux and cross-section modelling

« T2K uses NEUT, 47 cross-section parameters in 2022 analysis
* Flux uncertainty binned as function of neutrino type, beam mode

and energy

=  (CC Inclusive

—— (CC Quasi-elastic

——— (CC Resonant 1o

NC Inclusive
~ CC 2p2h
— CC Multi-7 + DIS

[a—
I

v, v,y
@TEK X POEc_

e

Ouso(Ey)/E, 10738 em™2 / GeV / Nucleon

M. Scott

B, (GeV)

Fractional Error

0.3

e
[}

0.1

FD: Neutrino mode, vy

=+ Hadron Interactions

- - Horn Current & Field

------------ Horn & Target Alignment

mm——— Proton Beam Profile & Off-axis Angle

e e

®xE,, Arb. Norm.
——=—- Material Modelling

Number of Protons
— 2020 flux (replica target)

= == 2018 flux (thin target)

o P
1 10
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ND280 event samples

London
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« Select highest momentum,

muon-like, negative (positive)
track as neutrino (antineutrino)
candidate

« Count the number of tagged

charged or neutral pions
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Near detector analysis

ND280 detector
model
ND280 fit
" Cross | |
) Flux
section model
g model )

« Fit parametrized models to near detector data

— Two separate analysis, Markov Chain MC and Minimisation, Bayesian
and Frequentist methods

Parametrised
model

M. Scott
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Near detector analysis

Parametrised
model

ND280 detector
model

ND280 fit

Cross
section
model

» Produces tuned flux and cross-section models
+ Use models to predict unoscillated event rate at Super-K

..
M. Scott 13
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Near detector fit

- Charged-current, zero-pion sample shown below

— Prefit on left, postfit on right

«  MC about 10% too low prior to fit
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Near detector parameter resul

M. Scott

Tuned muon neutrino flux at
Super-K shown right, some
CCQE cross-section parameters
below

— Prior in red, fit result in black
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Event rate uncertainty

« Correlate neutrino
flux (first 5 bins In
this partial matrix)
with neutrino cross
section

* Reduces event rate
uncertainty at SK

* Mis-modeling of
cross section (flux)
can impact flux
(cross-section)
parameters

M. Scott
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Near detector p-value

«  Great, 74% probability of producing the Likelihood

observed data given our initial model! contributor p-value
. FGDI 0.93
Vy In v-mode Ox FGD2 0.93
* Ah, near detector systematics have a '
6% probability, need some more work v, inv-mode | ox | foPL i 0.20
. K FGD2 0.15
In future
L FGDI 0.54
Vy In V-mode On FGD?2 0.45
* Oh no! Cross-section model has 1% All samples 0.82
probability of giving this data... Neutrino flux 0.46
ND detector 0.06
Cross section 0.01
All samples, all syst. 0.74

..
M. Scott 17



Imperial College
London

Near detector p-value

« Great, 74% probability of producing the Likelihood

observed data given our initial model! contributor p-value
. FGD1 0.93
Vy In V-mode On FGD2 0.93
* Ah, near detector systematics have a '
6% probability, need some more work v, inv-mode | ox | foPL i 0.20
. K FGD2 0.15
In future
_ FGD1 0.54
Vy In V-mode Or FGD?2 0.45
* Oh no! Cross-section model has 1% All samples 0.82
probability of giving this data... Neutrino flux 0.46
— Largely from pull on MaQE, ND detector 0.06
WCI‘USS section
MaRES and CA5
All samples, all syst. 0.74

« But the postfit model agrees
reasonably with the data

..
M. Scott 18
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Far detector analysis Parametrised

model

Cross
section
model

Oscillation fit

[SK detectoﬂ

model J

Oscillation
parameters

« Apply oscillation parameters to prediction from tuned models

 Fit to data, marginalizing over nuisance parameters
— MaCh3 does combined fit of ND + FD, but in principle is ~same process

M. Scott
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Far detector prediction and data
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...
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Effect of near detector fit on SK prediction

@ - | T ] | | | 3 £ | LA R LR,
= 25 — = i i
2 - S 1 2 10 S —
@ ~~PreND ] @ | ~~Pre-ND
200 —§% ~~PostND - 8- ~~PostND -
- % . 5 ]
15~ % i 61— _
a &é ] - ]
10— L —: al- .
= § W : ;
5 [ b L 2 __ X = __
’ . = -

0 = | I P | [ TR N 0 - 1 l 1 1 1 | 1 1 1 l 1 1 1 | 1 1 1

0 0.2 04 0.6 0.8 1 1.2 1.4 0 0.2 0.4 0.6 0.8
Reconstructed v-energy [GeV] Reconstructed v-energy [GeV]
(a) v-mode 1Ru (b) v-mode 1Re

« Far detector single ring, muon-like sample on left, single ring
electron-like sample on right

« ND280 fit result (red) increases predicted event rate, changes
shape of spectrum and reduces systematic uncertainty

..
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T2K systematic errors

Uncertainty source (%) _ .
Sample Flux Interaction  FD + SI + PN Flux®Interaction (%) Total (%)
IR v | 29(5.0) 3.1(11.7) 2.1(2.7) 2.2(12.7) 3.0(13.0)
K v | 2.8(4.7) 3.0 (10.8) 1.9 (2.3) 3.4(11.8) 4.0 (12.0)
IRe v | 2.8(4.8) 3.2(12.6) 3.1(3.2) 3.6(13.5) 4.7 (13.8)
v | 294.7) 3.1(11.1) 3.9(4.2) 4.3(12.1) 5.9(12.7)
IRelde v | 28(4.9) 4.2(12.1) 134 (13.4) 5.0 (13.1) 14.3 (18.7)

« Uncertainty on predicted SK event rate after ND280 fit

— Flux and cross-section uncertainties are correlated so the combination
gives a smaller uncertainty than the individual parts

R
M. Scott 22
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T2K systematic errors (2020)
One-ring u One-ring e

Error source FHC RHC FHC RHC FHC FHC/RHC
Flux and (ND unconstrained) 14.3 11.8 15.1 12.2 12.0 1.2

| cross section (ND constrained) 3.3 29 3.2 3.1 4.1 Z.U
SK detector 24 2.0 2.8 3.8 13.2 1.5
SK FSI 4 SI + PN 2.2 2.0 3.0 2.3 11.4 1.6
Nucleon removal energy 2.4 1.7 7.1 3.7 3.0 3.6
ov.)/o(v,.) 0.0 0.0 2.6 1.5 2.6 3.0
NCly 0.0 0.0 1.1 2.6 0.3 1.5
NC other 03 0.3 0.2 0.3 L0 0.2
sin? @53 and Am3, 0.0 0.0 0.5 0.3 0.5 2.0
sin” 0,3 PDG201% 00 00 76 73 76 T
All systematics 5.1 4.5 8.8 7.1 18.4 6.0

« Final column is “CP-violating” systematic error PhysRevD.103.112008

— Nucleon removal energy discussed later, fixed in 2022 analysis
— ND constrained rate error can be reduced
— Electron neutrino cross-section more difficult to reduce — target for next gen

— Disappearance parameters also a leading error term
RRRRRRRRRRR__—_———————,—,—,—,—,—,—,_,_,_,_,_,__-
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Robustness checks

T _hh_,,;:i.
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Neutrino cross section model uncertainty

»

MicroBooNE, arXiv:1905.09694 (2019)
* World data is
. . [ T2K, PRD 93, 072002 (2016)
Imprecise below ~10
GeV neutrino energy

T2K (CH), PRD 90, 052010 (2014)
ArgoMeuT, PRD 89, 112002 (2014)
ArgoNeuT, PRL 108, 161802 (2012)
« Multiple, plausible
models exist,
however:

SciBooME, PRD 83, 012005 (2011)
— T2K analysis

MINOS, PRD 81, 072002 (2010)
NOMAD, PLB 660, 19 (2008)
based on a single 0.2
-lllllllll 1 el lllllJllI]ll]ll]ll]ll]ll]ll]llllll]l
model 0

CCFR (1997 Seligman Thesis)
IHEP-JINR, ZP C70, 39 (1996)
CDHS, ZP C35, 443 (1987)
BNL, PRD 25, 617 (1982)
GGM-SPS, PL 104B, 235 (1981)
ANL, PRD 19, 2521 (1979)
BEBC, ZP C2, 187 (1979)
GGM-PS, PL 84B (1979)
IHEP-ITEP, SJNP 30, 527 (1979)
SKAT, PL 81B. 255 (1979)

-
=2
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EE e B
XK4ROXYnrO«4<
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o
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E, (10°° cm?/ GeV)
o

o..1
o o
- [«7]

NuTeV, PRD 74, 012008 (2008)
1 10 100 150 200 250 300 350
E, (GeV)

G. Zeller, PDG Neutrino Cross Sections 2019
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Simulated data studies

» Use information about simulated interactions to produce mock
data based on a different neutrino interaction model

— Detalled description can be found here:
https://arxiv.org/pdf/2303.03222.pdf

- Pass mock data through near and far detector fitters

— Tune nominal interaction model to try and match mock data
model

— Extract oscillation parameter contours and compare to our
expectation

— Use results to add additional uncertainties to oscillation
contours from real data fit

M. Scott 26
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Example from 2020: Nucleon Removal Energy

* Energy required to liberate G _
nucleon from nucleus < [~ NRE=18MeV T
depends on the nuclear model - (Bpis) = 12MeV |

— Global Relativistic Fermi S L NIE{E — 27 MeV
Gas (RFG) i | (ESS) = 2MeV
— Local RFG M NIE{,E = 36 MeV
: ) & ecy _ 1.
— Spectral function =2, | FBias) = ~TMV
_ Etc. < NRE = 45MeV |
. . 2 REC = — 1 ! ;-

- Simulate differences and = \EBiag/ HTMeY

model by shifting lepton all

0

-0.2

-0.1

momentum -0.3
: Rec _ r-Rec _
— Introduces energy bias LBias = EQE /B, —1

<3% K reconstruction
(<3%) to SK reconstructio PhysRevD.103.112008

..
M. Scott 27
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Nucleon Removal Energy at ND280

18 T T
130 T S Nominal =
' 11 b —— NRE sim. data =
2] - ND280 pred. -
S1.14 2 b P E
— 7] - -
@ = C ]
- S 10f E
Z oo B G F :
g C o R ~ % : :
= C i o 6 ]
g0s2 - £ °F ;
=) . . - 4 -
o C - Asimov dataset : o F .

S 066- — E
5 L - C ]
o r NRE sim. dataset . 0 B N PR EPETETE APERETE AR BRET B AP B
0.50 L . Ly . . 00 02 04 06 08 10 12 14 16 18 20

1 10 Egr (GeV)
Neutrino Energy (GeV)
L e L M HL L B o
g 2T 6F E
s 20F 2 sE 3
E - E C ]
E E_ NRE sim. dataset 2 4 = B
v E o - .
5 2 - .
= F N 2 3 -
g 08¢ Tk 5
2 04F e 21 E
= C C ]
R 0-0:| A T T T T T | 1F —
ROp’ 2 POV O «mOombD Y B8 S 2R00 s 5y E
;nﬁgggggéggééggg;’|;’§§§§%%g 0 /PR I RN E R S R
ﬁaﬁagggsﬁﬁﬁﬁsﬁ g8 58S 0.0 02 04 0.6 0.8 1.0 1.2
NN‘::%‘.;%‘ [
& 2 Egp (GeV)

RS,
M. Scott PhysRevD.103.112008 28
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Nucleon Removal Energy results

ot 23 F

g Nominal s E —— Nominal E

7E —— NRE sim. data 7E —— NRE sim. data 3

6F 6 F E

R OF R OF E

3 Tt

Y .

.| o

| : i
n_|||||||||||||||||| A PR BT BT = 0 P I S N S MR P S TN SR B
042 044 046 048 050 0.52 054 056 058 0.60 0.62 0.0023 0.0024 0.0025 0.0026 0.0027

sinz(ﬁﬂ) IAT"%E'

- See large shift in best fit point for sin?8,; and |Am%,|

« Look at shift in centre of 10 allowed region and compare to size of
systematic uncertainty

* Also check whether the change in the é.p likelihood surface would
alter outcome of 6.p exclusion

RS,
M. Scott PhysRevD.103.112008 29
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Simulated data studies in 2022

® Removal energy treatment Simulated data set Relative to  sin® 63 Am%z Ocp
. . CCQE z-exp high Total 0.3% 2.1% 0.4%
Improved for 2022 analysis p hig Syst. 07%  57% 17%
Total 0.0% 4.8% 1.3%
CCQE removal energy g 00%  134% 52%
* Model uncertainties can be Non-CCQE Toul $7% - 1Lve LT
. YysL. e b} Ao 270
0)
>50% of current systematics N o 0 e o
budget p=h Martini Syst. 16%  13%  1.6%
. Total 2.9% 2.5% 0.9%
MINERVA pion tune Syst. 79, 6.8% 359,
. : T Total 47%  65%  1.0%
FOI’ DU N E and H K SyStematIC Data-driven pion Syst. 11.6% 179%  3.9%
and statistical error will be - Total 0%  208%  1.0%
smaller on Syst. 19% 578% 4.6%
o ImpaCt Of mOdeI Tab. 15: Biases on the main oscillation parameters for each
uncertainties will grow simulated data set, calculated as the shift in the middle of

the 10 confidence interval relative to the overall uncertainty
from systematic sources (“Syst.”) and the total (“Total™) to
one decimal place.

M. Scott 30
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A note on NOVA

Detector Calibration
Neutron Uncertainty
Neutrino Interaction Model
Near-Far Differences
Detector Response
Lepton Reconstruction
Beam Flux

Total Syst. Unc.

B \Vithout P, Bins

https://arxiv.org/pdf/2108.08219.pdf

With P, Bins

-_- .......................................... . ......................
.---- ......................
.................... -_--__-
w e i
_._ ............................................ . ......................
...................... I_-.__l_
.......................................................................................................................................
] ; | , L , ] ; i ; | , L ; i , ]
—0.02 0.00 0.02 -0.02 0.00 0.02 0.2 0.0 0.2

Uncertainty in sin’e,,

Uncertainty in AmZ, ( x10° eV?)

Uncertainty in Scpf T

« Functionally identical near and far detector

* Neutrino interaction model and beam flux uncertainties
significantly reduced

« Detector response/reconstruction more important

M. Scott
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Looking towards future near detectors

...
M. Scott 32
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What does a near detector need to do?

* Need to predict unoscillated event rate at far detector with minimal bias and
maximum precision

N,ps = ®(E,,v,0) X a(E,,v) X e(Detector, E,,, 0) X Py v, (9)

R
M. Scott 33
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What does a near detector need to do?

* Need to predict unoscillated event rate at far detector with minimal bias and
maximum precision

N,ps =|P(E,,v,0) X a(E,,v) X|e(Detector, E,,, o) X Py v, (9)

..
M. Scott 34
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What does a near detector need to do?

* Need to predict unoscillated event rate at far detector with minimal bias and

maximum p
Nobs

recision

= ®(E,,v,0) x o(E,,v) x e(Detector, E,, 0)

X va—n/y (0)

- Consider how you measure neutrino energy, ability to understand neutrino
Interaction models, efficiency and phase space compared to the far detector

M. Scott
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Phase space issues — example from T2K

c o 400
§4,5 — Mean prediction | ...
% 4 300 Y B
+£3.9
2 3 250
(
25 200 W+
Y R = —— = 150
15 d > > d
1 =
0-5 50 U o \w \/ o U
' BT e N B 1
O 02 04 06 0 T 12

Reconstructed Neutrino Energy [Ge\/]

Single electron-like ring with a Michel electron

« SK uses Michel electron tag to locate pion — below Cherenkov threshold

- Rate hard to constrain at ND since CC-1Pi sample largely composed of pions
above 400MeV/c (i.e. above Cherenkov threshold)

— Large model uncertainty from pion-nucleus interactions

M. Scott
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Different approaches

* Functionally identical detectors (NOVA)

— Minimise efficiency phase space
differences

— Same energy reconstruction as FD

(?)

- “Better” detectors (T2K)

— GArTPC has lower tracking
threshold

— Larger phase space, can correct to
FD

— More information to allow model
discrimination

7 —— Oscillated SK flux

—— NuPRISM flux fit

000000

«  “PRISM” —who even needs a model
anyway?
— Of course it still needs a model...

M. Scott 37
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My view on near detectors

* Need to measure shape of neutrino beam, direction and intensity
— Identical detector(s) that take data from the centre of the beam to
periphery
— PRISM works for this

«  Measurements will be limited by systematics, not statistics

— Larger FD, higher beam power, longer exposure will have limited returns

* How much do you gain by running for an extra year; cost of beam vs cost of
near detector?

— ND does not need more events, but better events

* No single approach can provide all the answers — do all of them!
— GArTPC to differentiate between interaction models
— LAITPC to perform near-far extrapolation
— PRISM to ensure results are without bias

R
M. Scott 38
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My view on future experiments

«  DUNE and Hyper-K may be last accelerator-based long-baseline neutrino
experiments

— Imperative that we maximise physics from these experiments
— Joint analysis required

* More open discussion between collaborations, in particular discussion of
ongoing T2K+NOVA joint analysis, essential

« Should consider building GAr/LAr detector at J-PARC and carbon/water
detector at Fermilab

— PRISM to test energy dependence, can have ~identical detector spanning
neutrino energies from ~400 MeV up to ~few GeV

— Better still, yYSTORM with argon and water detectors to really measure
Interactions to <1% level

M. Scott 39
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Neutrino interactions

* Three principal types of
neutrino interaction

« Occur as both charged
current (CC) and neutral
current processes

Quasi-elastic (CCQE) Y -

Yy Y
Yy

\ Y p g [ ,
Ploe——— ") A M e e— X
U - Ay \/ - \”ty u » \/ -
Single pion production Deep inelastic scattering / Multi-pion production
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* Three principal types of
neutrino interaction

« Occur as both charged
current (CC) and neutral
current processes
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Beam stability

R L -

= 14§ | o | L | I —+— Horn 250kA =

= e o N | | —+— Horn 205kA

Sosp 1 | ; ; —— Horn -250kA 3

2 06- Eventrate | oot oot~ - - - - - - - — 3

= _F Horizontal beam direction | | —~+ INGRID

: 05_—{_ ‘ l | o —-— MUMON 17 :

= oo 1. ~10m

~10m

* INGRID and muon monitors measure beam centre position
* Very stable neutrino beam over full run
RRRRRRRRRRR__—_———————,—,—,—,—,—,—,_,_,_,_,_,__-
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Neutrino beams

95m Decay region

Neutrino beam
Tr+ b >
—%ng
B -------------- - = =

30 GeV Carbon 3 Magnetic  Pions and kaons Beam

Proton Target focusing decay to neutrinos dump
beam “horns”

« Proton beam collides with fixed target to
produce charged mesons

* Focus positive or negative mesons to
produce neutrino-dominated or
antineutrino-dominated beam

* Wait for pions to decay into neutrinos

M. Scott 44
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T2K flux model

1. Proton beam measurement

Long-baseline neutrino oscillations in Japan

ND280: Neutrino Mode, v,

10t June 2021

T2K Preliminary

Hadron Interactions

0.3

Proton Beam Profile & Off-axis Angle

Horn Current & Field

Horn & Target Alignment

|:| ®xE,, Arb. Norm.

Fractional Error

0.2

0.1 ——"""""" A .

3. Horn and beam alignment

Flux Correlations

-
F -H

LA .S

Material Modeling
Number of Protons
— 2020 flux (replica target)

== == 2018 flux (thin target)

L1 | l I N | | I N | |

|

10
E, (GeV)

Parametrised in neutrino energy and

flavour

Parameter uncertainties calculated by
varying underlying systematics

Performed simultaneously
far detector

for near and

Correlates near and far flux parameters

M. Scott
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Super-Kamiokande detector

- Signal in far detector:

«  Measure rate of muon-like and
electron-like events

« CCQE interactions are 'golden'
channel

(c) Kamioka Observatory, ICl
SUPERKAMIOKANDE  ®STITUTE FOR COSMIC RAY RESEARCH LNIVERSITY OF TOKYO

Assume nucleon at rest — 2-body process

Can calculate neutrino energy from
observed muon kinematics

2 72 2 /
My — M, —m;, + 2m'p L),

2(m/y, — £, + p, cost,)

E9F =

(a) CC QES interaction

M. Scott



Imperial COllege Long-baseline neutrino oscillations in Japan
London 10t June 2021

SK event selection — O samples

Look for fully contained, single ring events inside SK fiducial volume, then:

If electron-like ring: If muon-like ring:
\Visible energy > 100 MeV .Reconstructed momentum
.Reconstructed energy < 1250 MeV > 200 MeV/c
.Not identified as n° At most 1 decay electron
.No decay electrons

FHC 1Re T2K Preliminary FRCTRY T2K Preliminary

16—
14

12F

Events in bin
Events in bin

10F

o N - [=)] co
\\I‘I\I\I\I\III

M. Scott
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Long-baseline neutrino oscillations in Japan
10" June 2021

SK event selection — e-like single pion sample

| Look for fully contained, single ring events inside SK fiducial volume, then: |

If electron-like ring:

Visible energy > 100 MeV
.Reconstructed energy < 1250 MeV
.Not identified as n®

.One decay electrons

M. Scott

Events in bin

Ratio to unosc.

25

20
15
10

FHC 1Re1d.e T2K Preliminary

=

i
:
i
B
1

1T

)

05 06 07 08 09 1 11 12
Reconstructed Neutrino Energy [GeV]
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Example: 2p-2h events

* Lepton kinematics give
energy

- Extra protons below detector
threshold — missed energy

 If we get the model wrong

— Biased energy
reconstruction

— Incorrect relationship
between reconstructed
and true neutrino energy

M. Scott
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2p-2h event reconstruction

£z = " | o ccoE & 35¢
S o077 — | I MEC (Scaled x5) = -
2 - B FPDD (Scaled x5) o C
b= - B MEC-PDD (Scaled x5) © 3.0
2006 - 3 :
- 1 o a5}
- . S 20F
0.04 |— —] = -
| _| o :
— . D 1.5 —
0.03 — —] (7)) -
= . B 10
0.02 — —] o) ~
- - o -
0.01— — 0.5 -
0 = T 1 | L I R R R - 0.0 =
0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 0.0

E?eEo - Elrue (GEV)

Long-baseline neutrino oscillations in Japan
10™ June 2021

Martini et al. neutrino

o Martini et al. anti-neutrino
. Nieves et al. neutrino

o Nieves et al. anti-neutrino

S TTTI ALY
.........
.........
...........
------

| |

02 04 06 08 10 12
neutrino energy [GeV]

- Biased energy affects oscillation measurements

* Multiple possible models — Martini and Nieves are two examples

— Different predicted rates for neutrinos and anti-neutrinos

— ‘CP-violating’ uncertainty

M. Scott
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The Martini 2p2h simulated data study

. s & »
) Martini et al. neutrino FGD1 v, CCOm: Fake Data / Prefit
‘T‘ 3.5 B L L IJ

E - o Martini et al. anti-neutrino . CID:- 1.00 £ T T T 1.5

(@] C - - .
© SO0 Nieves et al. neutrino - g 0.95 — = 14
s - - “ - ] 1.3

o 25 ¢ o Nieves et al. anti-neutrino — 0.90 — —
: __ : C i ] 1.2
S 20F — 0-83 - - ERsEt
= - ] 0.80 - Lo

O o . E ]

o 15 — - .
2] - - 0.75 -
@ 10p E 0.70 £ B R
g - £ 10 0.7
0.5 - R 0.65 [ = 0.6

0.0 T T TR TR PP
0.0 0.2 0.4 0.6 0.8 1.0 1.2
: T2K Preliminary p, (MeVic)
neutrino energy [GeV]

*  Model applied to ND280 nominal MC prediction
« FGD1 CCOtr sample shown
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The Martini 2p2h simulated data study

g | Memetalneuine I FGD1 v, CCOT: Fake Data / Prefit

‘E‘ ) - O Martini et al. anti-neutrino l ! . CID:- 1.00 LN L S = 1.5
coo 30F Nieves et al. neutrino - S 095 :I 14
@ - . “ - 1= 13

© 25F O Nieves etal anti-neutrino n 0.90 — -
. o ] c 12
S 2.0 S— —f 088 b EREER
S - | 0.80 - = 10

1.5 — £ ]
8 - - 0.75 -

) _ ] E ]
w 1.0 = E _— 08
O - 0.70 - ] o
O o5 — 0.65 ;— _; 0.6
0.0 - e L 0-60 0_ 200 400 600 800 .1.2:“.].1.4106.1.6:]6 | 1Is]0(|}I2;00 -

0.0 0.2 0.4 0.6 0.8 1.0 1.2
: T2K Preliminary p, (MeVic)
neutrino energy [GeV]

*  Model applied to ND280 nominal MC prediction
« FGD1 CCOtr sample shown

* Increase in normalization with larger increase at larger neutrino
energies

R
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4.0° Oft-axis Flux
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Arb. Norm.

PRISM concept

“r

35
E, (GeV)

* Measure neutrino
interactions at
multiple off-axis
positions

* Neutrino flux
changes with
position

A

2.5° Off-axis Flux

Arb. Norm.
(93]
=)

0 05 1 15 2 25 3 35
E, (GeV)

1.0° Off-axis Flux ,
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London £
PRISM benefits - 2

- Same detector measuring . N
. 15 2 25 3 35

all off-axis fluxes E, (GeV)

- Can weight and combine E» N 25 Offaxis Flux -
different off-axis ‘slices’ £ 00 2

20}

+0.8 15 -

10} 5

5

[T O o5 T Is 2 25 3 35

E, (GeV)

. 1.0° Off-axis Flux -
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PRISM benefits - 2

- Same detector measuring
all off-axis fluxes

- Can weight and combine
different off-axis ‘slices’

* Produce Gaussian energy
distribution

9
T T | T T T T T T T T | LI T T | T LI I T T T T +

=
1<

2
o

II|I|||I||IIII|I|||Ix

—— Linear Combination
——— 1.7° Off-axis Flux

Arb. Norm.
o

—— (Gaussian: Mean=09, RMS=0.11 GeV

—
o

0o 05 1 15 2 25 3
E, (GeV)

Arb. Norm.

Arb. Norm.

Arb. Norm.

4.0° Off-axis Flux |

A

2.5° Off-ax

is Flux 7

| g

Y05 1T 1s 2 25 3 3s
E, (GeV)

Ec‘llﬂ‘lj“ L B B B AR

o 1.0° Off-axis Flux

20F
15F

10F
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PRISI\/I benefits - 2

Same detector measuring
all off-axis fluxes

Can weight and combine
different off-axis ‘slices’

Produce Gaussian energy
distribution

M. Scott, UK HEP Forum 2019

* Measure at a known energy
« Map out true-reco relationship

- Energy range determined by off-axis range

Linear Combination, 1.2 GeV Mean

T T T T | T T T T ‘ T | T T T

. = 1500 | -
x10 S - —— 1 Ring u Event Spectrum .
£ 20F T T T T T i i

g - II/\  lineac Combination : % Absolute Flux Error
> I || | 3z - —— Shape Flux Error ]
£ 15- Ot - S 1000+ Statistical Error N
i-(-:' i —— (Gaussian: Mean=09, RMS=0.11 GeV : m> B — NEUT QE N
i B —— NEUT Non-QE 7
10 i )
i True sool Reconstructed A
5: energy - energy .
0k , Sy 0 ] - | |

0o 05 1 15 2 25 3 1 2 3
E, (GeV) E.. (GeV)
RS,




Imperial College : " 40° Off-axis Flux |
London :
PRISM benefits - 3
 Can have different linear .
. . 1.5 2 2.5 3 3.5
combination E, (GeV)

E ot 2.5° Off-axis Flux -

Z 300 ]

< o i

20}

15} .

10} .

st

05 1T 1s 2 253 IS

E, (GeV)

. 1.0° Off-axis Flux |
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PRISM benefits - 3

 Can have different linear
combination

- Recreate oscillated flux
using near detector data

= -

g - ——— Oscillated SK flux

© 80000 —

g C ——— NuPRISM flux fit

= B

§60000— _

. sin?0,3 = 0.5

2 40000 — Am?,, = 2.41x1073
20000_—

M. Scott, UK HEP Forum 2019

Arb. Norm.

Arb. Norm.
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0 0.5 1.5 2 2.5 3 3.5
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PRISM benefits - 3

 Can have different linear
combination

- Recreate oscillated flux
using near detector data

=
g o — Oscillated SK flux

© 80000 — .

> T o ——— NUPRISM flux fit

= _

S_eoooo— . ]

s S sin?6,; = 0.5
Sooo - |Am?g, = 2.41x103

20000

(%) —
= - Oscillated SK events
> 41—
Lt - - Measured events
3.5 B E61 acceptance correction
- - Fitted flux difference correction
3 I
- B on-CCon background
25
2—
15—
1=
0.5
DD 0.5 1 1.5 2 25 3

Reconstructed neutrino energy (GeV)

Use data to directly predict oscillated
spectrum (red)

Backgrounds (green) can be measured in-situ

Oscillation analysis minimally dependent on
neutrino interaction model

M. Scott, UK HEP Forum 2019
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PRISM benefits - 4

x10°

o j I B B IR B “éozg ~[JisNDoo%coL )
= PRISW v, (25-4.07 ' e NePRisM s
- 400+ _ — ;  —— NuPRISM 30 CL
g i VPRISM vy Linear Combo. _ 1Oy —— NuPRISM 55 CL
3001 -
i § L
200F :
100'_ 101 E_TzKII I —
AT T T 7.5 * 1031 POT
0 05 1 L5 2 25 3 el |
10 10 10 10 Sin2281
E, (GeV)
*  Fit ND vq flux - Sterile neutrino searches
— Directly measure electron/muon — >50 exclusion of LSND
cross-section ratio — Oscillation vs off-axis angle

R
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